Variation in the relationship between plasma retinol-binding protein (RBP) and retinol (ROH) has implications for vitamin A (VA) status assessment using RBP. Our objectives were to identify factors affecting the RBP:ROH relationship and to derive and evaluate population-specific RBP cutoffs for VA deficiency (VAD) in Cameroon. Plasma RBP, C-reactive protein (CRP), a1-acid-glycoprotein (AGP), and ROH concentrations were compared in a subsample of women 15-49 y (n = 121) and children 12-59 mo (n = 123) included in a national survey conducted in 2009. Plasma RBP and ROH were highly correlated (r = 0.94 for women; r = 0.96 for children; P , 0.001). Pregnancy and lactation altered the RBP:ROH relationship in women, but obesity, elevated CRP and AGP, age, and VA status did not. Among children, age altered the RBP:ROH relationship, but sex, stunting, VA status, and elevated CRP and AGP did not. Cutoffs for VAD derived using regression analysis were ,1.17 mmol RBP/L for women (corresponding to ,1.05 mmol ROH/L) and ,0.83 mmol RBP/L for children (corresponding to ,0.70 mmol ROH/L). The sensitivity and specificity of derived cutoffs were 81.8 and 93.0% for women and 94.7 and 88.9% for children, respectively. The infection-adjusted prevalence of low VA status (,1.17 mmol RBP/L) was 21.9% (95% CI = 18.7-25.0%) among women. Among children, the infection-adjusted prevalence of VAD (,0.83 mmol RBP/L) was 35.0% (95% CI = 31.1-39.0%). In conclusion, VAD remains a public health problem in Cameroon. The RBP:ROH relationship should be considered in surveys using RBP to assess VA status, and use of population-specific cutoffs may be advisable.
Introduction
VAD 6 remains an important public health problem globally (1) . Accurate, affordable, and robust indicators of population VA status are essential to assess the need for and response to VA interventions. Plasma ROH concentration is commonly used in large-scale surveys of VA status and is recommended by the WHO as an indicator of population VA status despite its limitations for individual assessment (2) . RBP is the primary carrier of ROH in plasma. As such, RBP has been investigated as an indicator of VA status (3) (4) (5) (6) (7) (8) , with advantages of being less costly to measure and presumably more robust under field conditions, such as exposure to light and heat. However, unlike for ROH, there is no defined cutoff for plasma RBP, thus complicating its interpretation and the comparison of results across populations and over time (9, 10) . For example, RBP cutoffs equivalent to 0.70 mmol/L plasma ROH ranged from 0.69 to 0.825 mmol/L RBP in individual studies (3, 5, 8, 11, 12) . Thus, a better understanding of the relation between RBP and ROH is necessary for interpreting the results of VA status surveys using RBP and/or ROH.
The relation between RBP and ROH in plasma has been examined by using either the absolute molar ratio of the two indicators or regression analysis, and results seem to vary according to the population studied. Although the ratio of ROH: RBP is close to, but consistently less than, 1:1, several factors may influence this ratio, such as VA status (4, 5) , the presence of elevated acute phase proteins (4, 13) , iron status (14) , proteinenergy malnutrition (4) , and pregnancy (15, 16) . Additionally, RBP has recently gained attention as an adipokine (referred to as RBP4) associated with obesity and indices of insulin resistance (17) (18) (19) . These factors may confound VA status assessment using RBP.
Cameroon is one of many countries experiencing concurrent obesity along with micronutrient deficiencies (20) . A national survey conducted in 2000 found that 39% of children 1-5 y of age had serum ROH concentrations ,0.70 mmol/L, although this may represent an overestimate of the prevalence of VAD because indicators of infection, which can falsely lower serum ROH, were not assessed (21) . Overweight and obesity are also prevalent, particularly in urban areas. For example, a study in the capital, Yaoundé, found that 20% of women 20-75 y of age were obese (BMI $30) and an additional 30% were overweight (BMI 25-29.9) (22) . Moreover, obesity was associated with greater waist circumference and waist:hip ratio and with elevated blood pressure, suggesting that obesity in this context may be associated with adverse cardiovascular outcomes. The implications of this double burden of malnutrition for the use of RBP compared to ROH as an indicator of population VA status remain unexplored.
In 2009, a national survey was conducted in Cameroon in preparation for a large-scale food fortification program. Indicators of VA status were collected to identify high risk subgroups within this population and to serve as a baseline for later program impact evaluation. Within the context of this national survey, we aimed to evaluate the use of plasma RBP in place of plasma ROH as an indicator of VA status among a nationally representative sample of Cameroonian women of reproductive age and preschool children. Specifically, we planned to: 1) assess whether and to what extent the RBP:ROH relationship varies in ways that would confound VA status assessment according to factors such as concurrent infection, pregnancy, age, VA status, iron status, sex, and obesity; 2) derive population-specific RBP cutoffs that are equivalent to established cutoffs of 0.70 and 1.05 mmol/L plasma ROH concentration; and 3) evaluate these RBP cutoffs in terms of sensitivity, specificity, and their effects on the estimated prevalence of VAD.
Materials and Methods
We analyzed samples from a nationally representative, cross-sectional cluster survey of women and children in the Republic of Cameroon. Biochemical indicators of nutritional status and anthropometrics were collected from 962 households, each with a child 12-59 mo of age and a woman of reproductive age (15-49 y). Socioeconomic and demographic information were collected at the household level. Informed oral consent was obtained from the index woman (the child's primary female caretaker) with permission from the head of household. The study was approved by the Cameroon National Ethics Committee and the Institutional Review Board at University of California Davis.
Sampling design and sample size calculations. This study used a multi-stage cluster sampling design that has been described in detail elsewhere (23) . The sampling area (the entire country) was divided into three ecological zones, based on assumed similarities in dietary habits and nutritional status: 1) the North, consisting of the three northernmost provinces (North, extreme North, and Adamaoua provinces) with a dry, Sahelian climate; 2) the South, consisting of the seven remaining provinces, with the exception of the two largest cities, with a more humid tropical climate; and 3) the Large Cities, consisting of Douala and Yaoundé, two major urban areas that together make up ;20% of the total population.
Thirty clusters (villages or urban neighborhoods) were selected in each zone according to the probability-proportional-to-size method using census data from the Cameroon Central Office of Census and Population Studies. Households within each cluster were sampled using a random start point and systematic selection of adjacent households.
Plasma RBP, AGP, and CRP were measured in all 872 women and 838 children from whom an adequate venous blood sample could be obtained. Two subsets of samples were selected for comparison of plasma RBP and ROH. We first selected a representative sample of women (n = 80) and children (n = 83) by simple random sampling of all women and children for whom plasma was available (separate sampling for women and children). Samples from this first group were used to calculate the national prevalence of VAD and assess the sensitivity and specificity of the population-specific RBP cutoffs. To investigate possible factors that might affect the relationship between RBP and ROH, we also oversampled less frequently occurring subgroups of interest, including obese women (BMI $30), women and children with elevated acute phase proteins (CRP $5 mg/L and/or AGP $1 g/L), and children 3-5 y of age. In each case, the data were stratified according to groups of interest (e.g., normal weight vs. obese women) and simple random sampling was conducted within the smaller stratum to reach the desired sample size per stratum. Using this method, we selected an additional 41 women and 40 children. The sample size per stratum was sufficient to detect a minimum effect size of 0.54-0.66, depending on the comparison [minimum difference in ROH:RBP ratio of 0.11-0.13, and SD of the ratio of 0.2 (17)]. Observations from both of the sampling groups (the nationally representative sample and the oversampled strata) were pooled for regression analysis of factors affecting the RBP:ROH relationship (n = 121 for women and n = 123 for children; separate analyses for women and children).
Blood collection and processing. Trained phlebotomists collected 5-7 mL of blood by antecubital or metacarpal venipuncture. Hemoglobin was measured in whole blood using a portable photometer (Hb201+, HemoCue). After collection, blood samples were immediately placed into an insulated cooler containing cold packs. Within 2 h of collection, samples were centrifuged for 10 min at 2500 3 g to separate plasma (Hermle Z206A, Hermle LaborTechnik). To prevent degradation of ROH, samples were divided into aliquots under dim light and cryotubes were wrapped in aluminum foil. Information on sample handling procedures (time of blood draw, time of centrifugation, time of plasma separation, and time of freezing) was recorded. Plasma samples were frozen in liquid nitrogen at 21968C in the field and transferred to laboratory freezers for storage at # 2208C and then shipped on dry ice to Germany and the U.S. for analysis.
Socioeconomic and demographic data collection. Trained interviewers collected demographic and socioeconomic data, including family size; parental occupation, education, religion, and ethnic group; housing quality and utilities; and household possessions.
Anthropometry. The weight of women and children was measured by a battery-powered electronic scale (Seca 899; Seca Weighing and Measuring Systems) that was tested daily with certified calibration weights. Women were asked to remove shoes and outer clothing (e.g., jackets and sweaters) prior to weighing and children were weighed nude or lightly clothed (e.g., with underwear or diaper). For children ,2 y of age, supine length was measured in duplicate to the nearest 0.1 cm using a portable length board (Seca 416 Infantometer; Seca Weighting and Measuring Systems) (24) . The stature of women and children 2 y of age and older was measured in duplicate to the nearest 0.1 cm using a portable stadiometer (Seca Leicester Portable Height Measure; Seca Weighing and Measuring Systems). If the two measurements were .0.5 cm apart, a third measurement was taken and the two closest measurements were recorded. Women's BMI was calculated as body weight (kg)/height (m 2 ). Children's anthropometric Z-scores (weight-for-height, height/length-forage, and weight-for-age) were calculated using the WHO standard (25) .
Laboratory methods. RBP, CRP, AGP, and ferritin were measured in duplicate by a combined sandwich ELISA (7) . This method allows for the measurement of all four proteins from one primary dilution. The interplate CV of a control sample on 42 ELISA plates was 2.7% for RBP, 6.5% for CRP, 3.5% for AGP, and 3.1% for ferritin.
Following extraction of ROH into hexane, the plasma ROH concentration was measured by reversed-phase HPLC with an isocratic mobile phase of 95:5 methanol:water (v:v) and a photodiode array detector (Shimadzu) (26) . Retinyl acetate was used as an internal standard. Values were calibrated using two control sera (fat-soluble vitamin serum 968d and 968e) from the National Institute of Standards and Technology. Duplicate ROH samples were analyzed for 14% of participants; the mean CV of randomly selected duplicates analyzed in different runs was 2.9% (range 0.3-7.0%). The CV of a control sample run in triplicate with each batch of plasma ROH samples was 2.8% within the same run and 5.0% between runs.
Statistical analysis. Data were analyzed using SAS 9.2 (SAS Institute). Descriptive statistics were calculated for all variables. Where necessary, variables were transformed to obtain a normal distribution (ShapiroWilkes W $ 0.97). Natural log transformations were used for both RBP and ROH. The association between RBP and ROH was examined using Pearson correlations and simple linear regression analysis. Bivariate associations between RBP and ROH and CRP, AGP, hemoglobin, and other variables were assessed with Spearman correlations. Statistical procedures for survey data (SAS SURVEY procedures) were used to account for within-cluster correlations in regression analysis and to estimate VAD prevalence at the national level. To assess agreement between plasma RBP and plasma ROH we used Bland-Altman plots (27) to evaluate if the mean and SD of the difference between RBP and ROH were constant throughout the range of measurements (by plotting the difference between RBP and ROH against the average of RBP and ROH concentrations). Observations in each of the three infection groups were multiplied by the ratio of the geometric mean of the healthy group to that of the infection group to raise individual concentrations of RBP or ROH by an amount specific to that group. Because plasma ferritin is falsely elevated during infection, plasma ferritin concentrations of individuals with elevated CRP and/or AGP were adjusted downward using a similar procedure.
Effect of sample processing on RBP and ROH concentration. The potential impact of sample handling procedures on RBP and ROH concentrations was assessed using Spearman correlations between RBP and ROH concentrations and each of the following variables: time of blood collection, time from blood collection to centrifugation, time from centrifugation to plasma separation, time from plasma separation to freezing, total time from blood collection to freezing, and total time in freezer (proxy variables for exposure to heat and light), as well as date of laboratory analysis.
Assessment of factors affecting the RBP:ROH relationship. Factors potentially affecting the relationship between RBP and ROH were assessed using multivariate linear regression analysis with ln(ROH) as the dependent variable and ln(RBP) and other possible explanatory variables as independent variables. Visual examination of scatter plots was used to assess whether a linear relationship existed between the dependent variable and each potential predictor (e.g., age; BMI or anthropometric Z-score; and RBP, hemoglobin, ferritin, and acute phase protein concentrations). Where the relationship was nonlinear, predictor variables were transformed to achieve a linear relationship with plasma ROH or categorized. To assess the potential influence of different factors on the relationship between RBP and ROH, we developed separate regression models with ln(RBP) and each factor of interest as independent variables and ln(ROH) as the dependent variable. For each of these factors, we first tested for interactions between the factor and ln(RBP); if the interaction with ln(RBP) was not significant (P . 0.05), the interaction term was removed and the significance of the covariate main effect was assessed. Among children, we found that more than one covariate affected the relationship between ln(RBP) and ln(ROH). We therefore examined a combined model including all covariates that were significant when assessed separately [each main effect and, where applicable, its interaction with ln(RBP)]. Comparisons were considered significant at P , 0.05.
Derivation of RBP cutoffs. Few women had plasma ROH , 0.70 mmol/L; therefore, a cutoff of plasma ROH ,1.05 mmol/L was used to indicate low VA status among women (29) . A cutoff of plasma ROH ,0.70 mmol/L was used to indicate VAD among children (2). We evaluated both equimolar (i.e., RBP ,0.70 or ,1.05 mmol/L) and population-specific RBP cutoffs. Population-specific RBP cutoffs equivalent to 0.70 and 1.05 mmol/L plasma ROH were derived by substituting the ROH cutoffs into regression equations with ln(ROH) as the dependent variable and ln(RBP) as the independent variable. Where other factors were found to affect the RBP:ROH relationship, separate equations were constructed for each subgroup (e.g., pregnant vs. NPNL women).
Sensitivity and specificity of population-specific RBP cutoffs. Sensitivity and specificity of RBP cutoffs were calculated using 2 3 2 tables (30) with the objective of predicting plasma ROH concentration ,1.05 mmol/L (women) or ,0.70 (children). Sensitivity was calculated as the percentage of true positives correctly identified by RBP as having plasma ROH below the selected cutoff. Specificity was calculated as the percentage of true negatives correctly identified by RBP as having plasma ROH above a selected cutoff. Although plasma ROH is not considered a perfect indicator of individual VA status, it is commonly used as an indicator for population VA status assessment. Therefore, we used plasma ROH as the reference to assess the capacity of RBP to predict the results of assessment by plasma ROH and thus permit comparison of results among surveys using either of the two indicators. Sensitivity and specificity were calculated in the nationally representative subsample without respect to infection status, among participants with and without concurrent infection, and following mathematical adjustment of both RBP and ROH for elevated CRP and/or AGP.
ROC plots. Receiver operating characteristic plots were constructed to assess the overall ability of RBP to predict ROH ,1.05 mmol/L (women) or ,0.70 (children) over a range of RBP cutoffs. The AUC was calculated as a measure of the overall predictive capacity of RBP. An area of 1 is considered perfect predictability and an area of 0.5 indicates complete lack of prediction.
Results
Description of study population. There were no differences in mother or child age, hemoglobin, CRP, AGP, anthropometric variables, or child sex between the nationally representative subsamples for whom plasma ROH analyses were completed (n = 80 women and n = 83 children) and the remainder of the national samples (n = 792 women and n = 755 children) ( Table  1) . Individuals in the groups consisting of oversampled strata had greater maternal BMI and prevalence of elevated CRP and AGP and greater child age than the remaining participants in each group, reflecting the fact that these strata were purposefully oversampled. Anemia was present in 42% of women (hemoglobin ,120 g/L for nonpregnant women and ,110 g/L for pregnant women) and 51% of children (hemoglobin ,110 g/L). Nationally, 31% of women were overweight (BMI 25-29.9) or obese (BMI $30), with higher prevalence in the large cities than in the other regions. One-third of children were stunted (heightfor-age Z-score , 22), 3% were wasted (WAZ , 22), 14% were underweight (WAZ , 22) , and 4% were overweight or obese (.2 and .3 SD above the WHZ median) (31) .
VA status and presence of infection. The mean plasma RBP concentrations of women and children in the nationally repreRetinol binding protein predicts retinol 2235 sentative subsets did not differ from those of the remainder of participants in the national survey (P = 0.85 for women; P = 0.39 for children) ( Table 2) . RBP and ROH concentrations were negatively correlated with CRP concentration among women (r = 20.17, P , 0.001 and r = 20.32, P , 0.001, respectively) and children (r = 20.41, P , 0.001 and r = 20.41, P , 0.001, respectively) and with AGP concentration among children (r = 20.32, P , 0.001 and r = 20.31, P , 0.001, respectively) but not women (P = 0.65 and P = 0.39, respectively). Plasma RBP and ROH concentrations were positively correlated with hemoglobin among both women (r = 0.31, P , 0.001 and r = 0.32, P , 0.001, respectively) and children (r = 0.24, P , 0.001 and r = 0.22, P = 0.016, respectively).
Effect of sample processing on RBP and ROH concentrations. Spearman correlations between plasma RBP and ROH and the date of laboratory analysis were nonsignificant for both women and children. RBP and ROH concentrations were also not correlated with the time of blood collection, time elapsed from blood collection to centrifugation, time from centrifuga- 1 Values are mean 6 SEM or n (%). National subsample indicates a randomly selected subset of the total national sample. The oversampled group includes additional observations within selected strata (obese women, women with elevated acute phase proteins, and children 36-59 mo). *Different from remaining samples in national survey (oversampled strata and individuals without ROH measurement, P , 0.05 (SAS survey regression or logistic regression procedures). AGP, a 1 -acid glycoprotein; CRP, C-reactive protein; HAZ, height-for-age Z-score; NPNL, nonpregnant, nonlactating ; ROH, retinol; WAZ, weight-for-age Z-score; WHZ, weight-for-height Z-score. 2 Women who were pregnant or whose pregnancy status was unknown were excluded from BMI comparisons. (28) . 3 The ROH:RBP molar ratio was calculated as ROH (mmol/L) divided by RBP (mmol/L). 4 Apo-RBP concentration was calculated as RBP concentration (mmol/L) minus ROH (mmol/L) concentration.
tion to plasma separation, time from plasma separation to freezing, or total time in freezer (data not shown). The concentration of RBP, but not ROH, was negatively correlated with the total elapsed time from collection to freezing among women only (Spearman r = 20.18; P = 0.018); however, this relationship was not significant after controlling for study zone (r = 20.03; P = 0.62).
Correlation and agreement between plasma RBP and ROH concentrations. RBP and ROH were highly correlated (Pearson r = 0.94 for women and r = 0.96 for children; P , 0.001 for both) (Fig. 1) . However, the majority of the points on the plot were below the line of identity (intercept = 0, slope = 1), indicating that RBP values were consistently greater than the corresponding ROH values (i.e., RBP was not fully saturated with ROH). Higher order terms were not significant (data not shown), indicating that the relationship between RBP and ROH was linear. Visual inspection of Bland-Altman plots (27) indicated that the RBP:ROH relationship did not differ by VA status (data not shown). Moreover, the slopes of the regression lines (i.e., the regression coefficients) for RBP in Figure 1 did not differ from 1 (P = 0.86 for women, n = 80; P = 0.07 for children, n = 83), also suggesting that the RBP:ROH relationship did not differ by VA status.
ROC plots. In receiver operating characteristics plots, the AUC was 0.967 (95% Wald CI = 0.934-1.0) for women and 0.978 (95% Wald CI = 0.955-1.0) for children (Fig. 2) . Both AUC were close to one and differed from the reference curve of AUC = 0.5, which represents complete lack of prediction (P , 0.001),
indicating that RBP shows excellent capability for predicting conventional cutoffs of plasma ROH ,0.70 and ,1.05 mmol/L. Examination of the sensitivity and specificity of a range of potential RBP cutoffs using the ROC curve confirmed the choice of RBP cutoffs derived below.
Analysis of factors affecting the RBP:ROH relationship. In multivariate linear regression models with ln(ROH) as the dependent variable and ln(RBP) as the independent variable, none of the factors studied interacted with RBP in women. However, the main effect for the women's physiological status (a categorical variable representing pregnant, lactating, or NPNL) was significant (P , 0.001). Specifically, women who were pregnant had lower ROH relative to RBP compared to NPNL women (b = 20.116 6 0.021; P , 0.001). Lactating women also had lower ROH relative to RBP than did NPNL women (b= 20.066 6 0.03; P = 0.03), but the effect was smaller than that for pregnant women. Variables representing the presence of elevated acute phase proteins, age, obesity, hemoglobin, iron deficiency (infection status-adjusted ferritin ,15 mg/L), and low VA status (RBP ,1.05 mmol/L) were not significant in the model. For children, there was a significant interaction between RBP and child age group, expressed as a categorical variable (12-23, 24-35, 36-47, or 48-59 mo; P , 0.001). In particular, at the plasma ROH cutoff of 0.70 mmol/L, younger children had higher RBP concentrations than older children. The relationship between RBP and ROH was also associated with WHZ tertile and hemoglobin concentration. However, because WHZ, hemoglobin, and child age were all highly correlated, we used factor analysis to create orthogonal factors representing the Retinol binding protein predicts retinol 2237 three variables. In a multivariate model including all three factors and their respective interactions with ln(RBP), only child age remained significant, suggesting that the effects of hemoglobin and WHZ on the RBP:ROH relationship were likely due to their relationship with child age. Thus, hemoglobin and WHZ were not considered in the derivation of population-specific RBP cutoffs. The relationship between RBP and ROH was not affected by child sex, stunting, underweight, elevated acute phase proteins, iron deficiency (infection status-adjusted ferritin ,12 mg/L), or VAD (RBP ,0.70 mmol/L).
Derivation of population-specific RBP cutoffs. Populationspecific RBP cutoffs were derived using regression equations based on the data from the nationally representative subsample. Because pregnancy and lactation altered the relationship between RBP and ROH, separate regression equations were constructed to derive RBP cutoffs for pregnant, lactating, and NPNL women. Substitution of the ROH cutoff of 1.05 mmol/L into the respective regression equations for each group yielded equivalent RBP cutoffs of 1.32 for pregnant women, 1.20 for lactating women, and 1.15 mmol/L for NPNL women. Sensitivity and specificity of RBP cutoffs. We first compared the sensitivity and specificity of cutoffs assuming an equimolar relationship between RBP and ROH (i.e., RBP ,0.70 and ,1.05 mmol/L) with the cutoffs derived by regression analysis (RBP ,0.83 mmol/L for children and RBP ,1.17 mmol/L for women) ( Table 3 ). The cutoffs derived using regression showed higher sensitivity but the same or just slightly lower specificity than the equimolar cutoffs.
We also assessed the utility of applying different cutoffs based on women's physiological status and child age, both factors that affected the relationship between RBP and ROH. Among women, the use of separate cutoffs for pregnant, lactating, and NPNL women did not significantly improve sensitivity or specificity. Use of age-specific cutoffs also did not improve sensitivity or specificity of RBP cutoffs for children. Similar patterns of sensitivity and specificity were observed when the analysis was stratified by presence of elevated acute phase proteins and following mathematical adjustment for the presence of elevated acute phase proteins. Adjusting for elevated acute phase proteins slightly improved sensitivity and specificity among children but not women.
Effect of RBP cutoff on measured prevalence of VAD. With all RBP cutoffs, the estimated prevalence of VAD did not differ between the nationally representative subsamples (n = 80 women, n = 83 children) and the remainder of individuals in the national survey (n = 792 women, n = 755 children) ( Table 4) . Using an equimolar cutoff of RBP systematically underestimated the prevalence of VAD compared with that measured by plasma ROH. In contrast, the RBP cutoffs derived using regression analysis produced prevalence estimates similar to those obtained using plasma ROH. Mathematical adjustment of individual RBP and ROH values for infection considerably lowered the observed prevalence of VAD but did not affect the relative estimates provided by RBP or ROH.
For women, the prevalence of low VA status was similar when separate cutoffs were used for pregnant, lactating, and NPNL women and when one cutoff was derived for all women by regression, regardless of physiological status. Similarly, the prevalence of VAD among children did not differ greatly when the age-specific cutoffs compared to one general, regressionderived cutoff were used.
Discussion
We found that plasma RBP concentration is a good predictor of plasma ROH concentration at the population level. Populationspecific cutoffs for RBP concentration that are equivalent to conventional plasma ROH cutoffs of 0.70 and 1.05 mmol/L had greater sensitivity than equimolar RBP cutoffs and provided estimates of national VAD prevalence similar to those estimated using plasma ROH. We further observed that, although RBP and ROH are closely correlated, the RBP concentration was consistently greater than that of ROH. Possible reasons for lower circulating ROH include incomplete saturation of RBP with ROH in vivo, degradation of ROH postsampling, laboratory measurement error, or excess secretion of apo-RBP by adipocytes. With regard to possible postsampling degradation of ROH, our blood collection and processing protocols included strict samplehandling procedures to protect samples, including covering all tubes with aluminum foil, placing blood into a cooler prior to and following centrifugation and plasma separation, aliquoting plasma in a covered hood, and performing all laboratory analyses under dim light. A recent methods study reported that ROH is stable in whole blood for 1 d at 328C and in serum for 10 d at 118C (32) . Our sample-handling conditions were well within this range. Moreover, the variables reflecting sample handling (time from collection to centrifugation, time from collection to freezing, and day of lab analysis) were not significant in our statistical models, indicating that these procedures did not affect ROH concentration. Finally, similarly low ROH concentrations relative to RBP have been reported in studies that collected blood in a controlled clinical setting rather than a field survey (16, 17, 33) , suggesting that the relatively low ROH is physiological and not the result of laboratory error or degradation under field conditions.
We did discover that RBP concentration was lower when there was a greater lapse between sample collection and freezing. However, this was mainly due to the fact that longer time was required to freeze the samples in the Large Cities zone, where RBP concentration was generally higher. When we examined the relationship between time to freezing within each zone, this factor was no longer significant, suggesting that the underlying VA status, and not the time until freezing, was the key factor.
We calculated the molar ratio of ROH:RBP but chose to derive RBP cutoffs using regression analysis rather than the molar ratio. Reported molar ratios of ROH:RBP vary from 0.70 to 1.79 in the literature (4, 5, 17, 34) . This variation may reflect the different populations studied and/or the sensitivity of different laboratory methods. We observed in Bland-Altman plots that the absolute difference between RBP and ROH (i.e., apo-RBP concentration) was constant over a wide range of VA status and that apo-RBP concentration represents a greater proportion of RBP concentration at lower RBP values. Therefore, the molar ratio of ROH:RBP depends on plasma ROH or RBP concentration, so some of the variation in previously reported ROH:RBP molar ratios may reflect the average concentrations of particular populations. We attempted to review whether the literature supports the hypothesis that lower mean RBP saturation would be found in populations with high prevalence of VAD. However, there was considerable variability among the populations studied, laboratory methods used, and data presentation techniques (as molar ratios, scatter plots, regression, etc.). Thus, we could not make a useful comparison across studies. However, because the molar ratio varied according to individual VA status in our sample and may also vary across populations, regression analysis was theoretically more appropriate than the ROH:RBP molar ratio for comparing the two indicators. Pregnant and lactating women had less ROH relative to RBP than did NPNL women, independent of VA status. This is consistent with the results of some earlier studies (15, 16) and may reflect increased utilization of ROH during pregnancy and lactation (e.g., return of apo-RBP to liver from periphery, fetus, or mammary gland). Although we observed no effect of elevated acute phase proteins on the relationship between RBP and ROH, both RBP and ROH decreased in the presence of elevated CRP and/or AGP. RBP is known to act as a negative acute phase protein; its concentration decreases with infection/inflammation, with a concomitant decrease in concentrations of circulating ROH. Thus, the effect of infection/inflammation as indicated by CRP and AGP would need to be taken into account regardless of which biomarker is used for assessment of VA status.
We did not observe a difference in the relationship between RBP and ROH among normal weight women compared to obese women. RBP (or RBP4) is reportedly secreted by adipocytes in response to downregulation of GLUT4 receptor expression (18) . Theoretically, apo-RBP secreted from adipocytes could affect the RBP:ROH relationship by increasing total RBP concentration. Low ROH relative to RBP was reported to be related to indices of insulin resistance as well as BMI in some studies (17, 34) but not others (19) . We used BMI as a proxy indicator for excess adiposity and insulin resistance. However, BMI is a crude indicator of factors such as individual adiposity, adipose distribution, and insulin resistance, which may affect adipocyte RBP expression (19, 35) . This may explain the lack of observed effect in the relationship between RBP and ROH in this population.
Differences in the cutoff used for RBP have important implications for evaluating the prevalence and thus the likely public health impact of VAD. Because of the relatively low proportion of women who were pregnant or lactating in the nationally representative sample, statistical power for comparing the change in sensitivity after applying cutoffs specific to pregnant, lactating, or NPNL women was probably low. Accounting for pregnancy and lactation may be important in other populations in which a greater proportion of women are pregnant or lactating. Also, the prevalence of VAD was relatively low among women in this study; additional studies are needed in populations with a higher prevalence of VAD. Although accounting for child age did not improve the sensitivity of RBP cutoffs in this population of children, the results may be different in populations with different age distributions.
The Cameroon national survey in 2000 reported an unadjusted prevalence of VAD of 39% among children under 5 y of age, based on serum ROH ,0.70 mmol/L (21). The unadjusted prevalence of VAD among preschool children in the present survey was 45.0% (using plasma ROH in the nationally representative subset) and 47.8% (total national sample using RBP). The slightly higher prevalence of VAD in the present survey may be influenced by the slightly later time period for survey implementation. The 2000 survey was implemented from approximately September 1 to November 15 and the present survey was implemented from approximately October 1 to December 15. Thus, the present survey included more of the dry season (beginning in September to November, depending on the region), when malaria transmission increases (36) . It is possible that the difference in the results of the two surveys is related to the prevalence of infection, although it is difficult to confirm this without indicators of infection from the first survey. High-dose VA supplements were distributed during the National Immunization Day in December, 1999, and VA supplementation campaigns took place in July and December of 2009. For both surveys, the time period between supplement distribution and data collection suggests that high-dose VA supplementation was unlikely to have altered the results.
Several factors must be considered in choosing RBP rather than ROH as an indicator of VA status in field surveys, such as validity, accuracy, precision, stability under field conditions, sample volume, and cost. Currently, the interpretation of RBP values is more difficult than for ROH values in terms of comparability to other surveys and to established cutoffs to indicate deficiency. However, RBP has a number of advantages compared with plasma ROH in that RBP is more robust to exposure to heat and light, requires a smaller volume of plasma, and can be measured at lower cost. More stringent sample handling procedures for protection of samples collected for ROH may also increase costs in field surveys (e.g., ensuring that samples can be frozen relatively soon after collection may entail greater fuel and personnel costs and/or purchase of additional equipment, such as portable freezers or liquid nitrogen tanks). Also, techniques for measurement of RBP in dried blood spots are available (37) . Natural variation in the indicator affects sample size requirements and therefore cost. In the present study, variability was similar for RBP and ROH (unweighted CV for the nationally representative subsets were 30.3% for RBP and 33.3% for ROH among women and 29.6% for RBP and 32.2% for ROH among children), suggesting that the necessary sample size for estimating prevalence of VAD is similar for the two indicators.
Our results suggest that RBP can be used in place of plasma ROH in population surveys. However, we did not consider the use of either indicator to detect the response to an intervention. Because the relationship between RBP and ROH may vary in different populations according to factors such as the prevalence of pregnancy and lactation, VAD, and obesity, ROH should be measured in a subset of individuals to determine whether the use of a population-specific estimate of the RBP:ROH relationship is desirable. Analysis of plasma ROH in a subset of samples would increase the total study cost; however, in a large survey, the cost savings from the analysis of RBP would likely outweigh the cost of analyzing a small (e.g., 10%) subset of ROH samples. Finally, markers of infection (such as CRP and AGP) should be measured to facilitate interpretation of VA status measurement using both RBP and ROH.
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